Abstract-This paper presents a practical implementation for an Initial Value Compensation(IVC) approach using additional input. The authors have already proposed the IVC approach to suppress residual vibrations at iterative positioning operations. The approach, however, has an essential subject that more state variables to be compensated require more complicated computation. In the paper, the improvement of computational complexity in the IVC approach is proposed, where the compensation calculation can be simplified by giving alternative inputs for initial values. The effectiveness of the proposed compensation has been verified by numerical simulations and experiments using prototype.
I. INTRODUCTION
Fast-response and high-precision positioning is one of indispensable techniques in a wide variety of high performance mechatronic systems, such as data storage devices, machine tools, and industrial robots, from the standpoints of high productivity, high quality of products, and total cost reduction. In order to provide the desired fast and precise positioning performance, the control systems should be designed with consideration of initial value responses while initial values in control systems are generally not zero, especially at the repetitive positioning motion. The authors, therefore, have already proposed IVC approach with additional input to suppress residual vibrations at iterative positioning operations [2] [3] . The conventional approach, however, has an essential subject that more state variables to be compensated require more complicated computation.
This paper presents a novel IVC approach for improvement of computational load. The proposed IVC approach gives the same control performance as the conventional one without an increase in computational load. The effectiveness of the proposed algorithm has been verified by numerical simulations and experiments for repetitive positioning motions using a positioning device for galvano scanners.
II. INITIAL VALUE COMPENSATION
A. Initial value compensation approach Fig.1 
where Ncpq(z) is a polynomial equation for xcpOq in N,P(z).
In the conventional IVC approach, the following additional input Uaq (Z) is superimposed on the plant input u' in order to avoid the effects of Yoq(Z) [ 
where dd(z) is a polynomial which can assign the desirable poles and d b(z) = NWb (z),
Ubq (Z)
The first term of the right-hand side of (13), corresponding to Uaq (Z) in (4) 
The proposed IVC sets xqO as the following alternative initial values, which are calculated by x,po(i = 1, 2, ... n -1) and a coefficient matrix Kfi C Rh X 1.
Under the condition that the order of ( 11) (2) can be defined by:
B. Proposed IVC approach
The actual additional input Uao(z) for the compensating initial values xr,poi(i = 1, 2... n : n < N) can be calculated as follows.
where Ncpq (z) and N pi(z) are the polynomials for XcpOq and xcpOi, respectively. By substituting (17) into (18), the following can be given.
The polynomials (6), (7), and (8) can modify the above YObq (z) as follows.
Since the first term of the right-hand side of (20) The order of h = Nb can be a necessary condition to determine the Kf .
III. POSITIONING MECHANISM AND CONTROLLER OF GALVANO SCANNER
A. Configuration of positioning system Fig.2 shows a configuration of positioning device for the galvano scanner as an experimental setup. The galvano scanner is composed of a servo motor with a galvano mirror, where the motor angle is detected by a sensor and is transfered in a DSP controller through an interface. The servo motor is driven by a current controlled amplifier with the current reference generated by the position controller.
The galvano scanner can be modeled by a multi-mass body system whose bode characteristics are plotted by solid lines in Fig.3 . From the figure, the mechanism includes first vibration mode (3020 Hz), second vibration mode (6240 Hz), and other vibration modes in the high frequency range, and a dead time component due to the current control delay, affecting the positioning performance. Fig.3 show the bode characteristic of the nominal model Pn(s).
The desired control specification is given as a point-to-point positioning with the settling time of 0.9 ms for the typical position reference amplitude of 1.5 mm. This settling time means the achievement of higher servo bandwidth above 1 3 frequecy comparing to the first vibration mode, requiring a fast and precise positioning performance with resonat vibration suppression, system robust stabilization, and dead time compensation. Fig.4 shows a block diagram of the actual positioning system using I-PD compensation, where Pn(z) denotes the discrete transfer function for Pn(s) using zero-order hold, r is the motor angle reference, u is the motor current ref- as a control output, respectively. In the compensators, CI (z) denotes an integral compensator, Cp (z) denotes a proportional compensator, "velocity observer" denotes a derivative compensator with approximate differentiation, and Cs (z) is a stabilizing compensator composed of notch filter, which ensures the vibration suppression and the robust stability of the closed control loop. Here, the transfer function indicated by a dotted line in Fig.4 is assumed as a augmented plant system Pt(z), and the integral compensator CI(z) is assumed as a feedback controller C(z) for the augmented plant system Pt(z), corresponding to the general feedback system shows in Fig. 1 . The additional input of IVC, therefore, is superimposed on the u' in Fig.4 . The solid line in Fig.5 indicates an experimental position error waveform, where the position reference with amplitude of 1.5 mm was given to the experimental setup. The I-PD controller in Fig.5 achieves the desirable positioning with the specified settling performance in time, while the experimental position error waveform has residual vibration depending on the first vibration mode after getting to the target position. The broken line in the figure, on the other hand, shows a numerical simulation waveform for the same motion. These two waveforms coincide well, proving the effectiveness of the mathematical plant model P (s) in (23).
B. Positioning controller
It is important for galvano scanner to provide the desired fast and precise positioning performance for arbitrary repetitive position references with shorter interval period. Although the waveform for a single-reference motion can satisfy the control specification as shown in Fig.5 , the expansion of servo bandwidth excites the residual vibration corresponding to the first vibration mode, which directly affects the settling characteristics at the next motion as the initial values. Here, the positioning performance was verified for a sequential backand-forth position motion between 0 and 1.5 mm. Fig.6 gives an example of the experimental position error waveforms for the reference with typical interval periods of 1.18 ms, where Fig.6 indicates superimposed back-and-forth waveforms. Notice that the thick line in the left waveforms in Fig.6 represents the response at the first motion with zero initial value, which satisfies the desired positioning. Other waveforms in Fig.6 , on the other hand, show scattered residual vibrations due to the undesired initial values corresponding to the first vibration mode, which deteriorate the positioning accuracy.
IV. EXPERIMENTAL VERIFICATIONS

A. Design of IVC controller
In order to suppress the residual vibration in transient response of the prototype, the following additional input by the conventional IVC approach is superimposed, where two initial values of position 010 and velocity w10, corresponding to the first vibration mode, are selected as the initial value in (13).
Here, a control design parameter Fm determined in (6) is selected as of 10 kHz, considering the saturation of a power amplifier [4] . In the actual target positioning system in Fig.4 , the transfer function of y for u' has 13 zeros including 4 zeros corresponding to Nuf(z). The numerator Nu (z) = Nua(z) 'o' indicates a zero and 'x' indicates a pole, respectively. In the Fig.7 , Db(z) has one real pole at 5.7 kHz which is higher than dqd(z). Twelve (Nb-I = 12) poles, therefore, should be cancelled by the following initial value setting:
where xqO R12x1 and Kf e 412x1. This condition allows the coefficient matrix of the left-hand of (22) to be a regular matrix. Therefore, Kf is uniquely determined. Fig.8 gives similar performance by the conventional IVC approach.
C. Numerical simulation and experimental results Fig.9 indicates the comparative position error waveforms in numerical simulation for the reference interval period of 1.18 ms, where the same repetitive reference as in Fig.6 increase even if plural compensated initial values should be compensated. The effectiveness of the proposed approach was verified by numerical simulation and experimental results of the repetitive positioning for the prototype.
